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There is considerable intra-and inter-specific variation in nest design (Hansell 2000 , Deeming & Mainwaring 2015 and, whilst many differing roles have been attributed to nests (Moreno 2012 , Mainwaring et al. 2014a ), all nests have a primary role as being the site of egg incubation (Deeming 2016) . Nest construction itself is energetically costly to the builder so there will be benefits in producing a 'quality' nest (Mainwaring & Hartley 2013) . Incubation also has an energetic cost, although whether this is problematical in terms of bird fitness is as yet not clear (Nord & Williams 2015) . However, in principle anything which reduces the energetic load of an incubating bird is likely to be adaptive. Successful avian reproduction may largely rely on a bird's capability to construct a nest suitable for egg incubation. As a result, the insulation provided by bird nests may be crucial so this has been investigated many times (Skowron & Kern 1980 , Heenan & Seymour 2011 , Deeming & Mainwaring 2015 , Deeming & Biddle 2015 , Deeming & Pike 2015 . However, temperature is not the only environmental factor that affects the characteristics of nests. Species nesting in tree cavities face an issue of waterlogging of nests if the tree is still alive, which may reflect the use of moss in the nest (Weso łowski et al. 2002) although this role has now been questioned (Wesołowski & Wierzcholska 2018) . More recently therefore, other environmental factors, such as rainfall and wind, have become the focus of nest research (Lambrechts et al. 2016 , Gray & Deeming 2017 but the effects of rainfall on nest wall insulation are poorly understood.
To date, studies have investigated the drying rates of nests after submergence in water (Kern & Van Riper 1984 , Slagsvold 1989 , Rohwer & Law 2010 . Slagsvold (1989) found that denser nests took a significantly longer time to dry compared to loosely built nests. Rohwer & Law (2010) showed that Yellow Warbler Dendroica petechia nests from a warmer, wetter climate absorbed less water than nests from the same species in drier, cooler areas. A similar result was described by Heenan (2013) who also demonstrated that wetting the nests of the Tawny Crowned Honeyeater Gliciphilla melanops increased the thermal conductance by two and a half times. However, these studies may not be representative of real rainfall conditions typically encountered by many birds' nests. During periods of rainfall nests may be sheltered by surrounding vegetation and the incubating bird is likely to remain on the nest, protecting the nest cup and its contents from the chilling effects of rain (Deeming 2002 , Mainwaring et al. 2014b , Coe et al. 2015 . More recent studies (Biddle 2018) have examined the factors affecting the hydrological properties of passerine nests using simulated rainfall. The amount of water absorbed and the time to dry were related to nest mass and composition (Biddle 2018) . Although Hilton et al. (2004) showed that wetting nest materials reduces their insulative properties, to date, no study has investigated the effects of rainfall on the thermal properties of whole nests.
To address this issue, this study investigated the insulatory values and internal cooling rates of passerine nests when the nest was dry and after it had been subjected to simulated rainfall. The species chosen for the study are of a similar body size and being open-nesting they will typically encounter the environmental challenge of rainfall. It was hypothesised that rainfall would affect the insulation of the nest wall (Heenan 2013 ) and predicted that insulatory values would decrease, and internal cooling rates would increase, when nests become wet.
Nests with known provenance were donated to the University of Lincoln by volunteers of the Nest Recording Scheme operated by the British Trust for Ornithology (Cooper et al. 2015) . Nests were collected at the end of each breeding season during 2016 and 2017 across a variety of locations in Great Britain and sent to the University of Lincoln where they were frozen to kill any remaining invertebrates (Britt & Deeming 2011) . The nests were stored dry in plastic bags within a cardboard box at room temperature until use (Deeming & Gray 2016a) .
Ten nests each for the following four species were studied: Common Chaffinch Fringilla coelebs, Common Linnets Linaria cannabina, Meadow Pipits Anthus pratensis, and Whinchats Saxicola rubetra. Nest mass was measured using an electronic balance scale (Sartorius Entris, precision 0.01g) and digital callipers (Mitutoyo, accuracy ± 0.02 mm) were used to measure total nest cup depth (mm) of each nest.
The insulatory value of each nest was measured using the methodology of Deeming & Gray (2016a, b) . Briefly, two polystyrene plinths were made that matched the nest cup depth minus the depth of an iButton ® (5.9 mm; model DS1921G: range -40 to +85 °C, resolution 0.5 °C, accuracy ± 1 °C; Maxim Integrated Products) temperature logger. When inverted the temperature logger contacted the nest cup lining and the nest rim was flush with a polystyrene base. All experimental data was collected in still air within a wind tunnel (150 × 50 × 50 cm, length × width × depth) to prevent any effects of extraneous air flow (Gray & Deeming 2017) . Temperature loggers were heated to 80 °C in a water bath (Deeming & Gray 2016a , Gray & Deeming 2017 , were dried with paper, and then one was placed on a polystyrene plinth and the nest was inverted over it. The second temperature logger was placed on the other plinth placed ~10 cm away from the nest. A third, unheated, temperature logger was attached to the lid of the wind tunnel to record air temperature during the experiment. All temperature loggers were pre-set to record temperature (°C) every minute. Each nest was left for 20 minutes to allow the loggers to cool. This process was repeated 3 times for each nest, with a 10 minute interval period.
Simulated rainfall was created using the methodology of Biddle (2018) . A funnel was created using a polystyrene disc (3 mm thickness) for each nest that would direct water through the walls. Polystyrene discs were cut to cover and protect the nest cup from the simulated rainfall, thus imitating a bird sitting in the cup. Nests were placed within a metal sieve, placed over a bowl and 250 ml of cold water was slowly poured into a coffee percolator (Bodum ® Ltd., London, U.K.) held 30 cm above the nest (Biddle 2018) . As water dripped out the percolator was rotated slowly around the nest so that water was directed evenly through the nest walls. Typically this took a period of ~6 minutes. Once complete, the funnel and protective disc were removed and the nest was then left for 10 minutes to allow for excess water to drain away. The nest was then weighed so that the amount of water absorbed could be calculated (Biddle 2018) . The insulatory values of the wet nest was then measured three times and averaged as described above. The total experimental time that the nest was wet was 80 minutes and nest mass was recorded at the end of this time to allow calculation of the drying rate of each nest between 10-80 minutes.
The rate of cooling was determined by comparing the rates of cooling of temperature loggers within a nest and outside a nest; the insulatory value was the difference in slopes for cooling -Δ cooling rate in °C min -1 (sensu McGowan et al. 2004 , Mainwaring et al. 2012 ). The three values for both dry and wet conditions were averaged to provide values per nest. Internal cooling rates (°C min -1 ) were determined from the temperature logger for all nests and were also compared between species and condition (sensu Gray & Deeming 2017) . One-way analysis of variance (ANOVA), with post hoc Tukey test pairwise comparisons when appropriate, was used to test for the effect of species on nest parameters. A general linear mixed model was used to test for effects of species and simulated rainfall with "Nestcode" nested within species included as a random factor to take into account of repeated measures. Interaction terms were initially included in the models but they were all non-significant so were removed before running the model again. Spearman's rank correlations tested the relationships between insulatory values and internal cooling rates with dry and wet nest masses (g). All statistical analysis was conducted using Minitab (version 17).
Significant species differences were observed for dry nest mass and the amount of water absorbed (g) after 10 minutes (Table 1) . Whinchat nests absorbed the most amount of water, which was significantly more than for Common Linnet and Common Chaffinch nests (Table 1) . Relative to initial mass, Common Linnet nests absorbed the least amount of water and Common Chaffinch the most. There was no significant effect of species on the drying rates of the nests at room temperature (Table 1) .
The insulatory values of dry nests varied between 0.044 and 0.070 °C min -1 and this was reduced after the simulated rainfall to range of 0.018 to 0.032 °C min -1 (Fig. 1) , a drop of between 27-72% depending on species. Two-way ANOVA showed that there was a significant effect of simulated rainfall on insulatory value (F 1,39 = 32.45, p < 0.001) but there was no significant effect of species (F 3,39 = 0.46, p = 0.715) or Nestcode (F 36,39 = 1.36, p = 0.172). Mean internal cooling rates of dry nests were very similar between species (0.013 °C min -1 ) but increased by between 15-47% after the simulated rainfall (Fig. 2 ). There was a significant effect of rainfall on internal cooling rate (F 1,39 = 59.39, p < 0.001) but no significant effect of species (F 3,39 = 1.57, p = 0.213) or Nestcode as a random factor (F 36,39 = 1.07, p = 0.418). There were no significant correlations between the insulatory values, or internal cooling rates, with either dry or wet nest masses (Spearman's rho, all p > 0.05). Table 1 . Mean (± SD) of dry nest mass, water absorbed by nests after 10 minutes and the rate of drying over 90 minutes. Sample size was 10 nests per species. Results of a one-way ANOVA (F-value with corresponding p-value in brackets) to test for the effect of species are shown at the bottom of each column. Within a column means with differing superscript letters are significantly different at p = 0.05. Data for mean body masses (Dunning 2008) ΔCooling rate (°C/min)
The thermal properties of these nests were changed when subjected to simulated rainfall although no species differences were observed despite apparent variation in composition (Biddle et al. 2018, Biddle et al. unpublished data) . Gray & Deeming (2017) also reported no effects of species on the insulatory value or internal cooling rates of nests in still or moving air. Three of the species studied here (not Whinchat) were also studied by Gray & Deeming (2017) and values for insulatory values and cooling rates of dry nests were of comparable magnitudes. Although the effects of air movement on nest insulation have been reported (Heenan & Seymour 2012 , Gray & Deeming 2017 ) no studies have investigated the effect of simulated rainfall on thermal insulation. It was anticipated that, given the cooling effects associated with evaporation of water, that the cooling rates inside a nest cup would increase (Heenan 2013) and that this will decrease the Δ cooling rate across the nest will and so reduce insulatory values. Blowing air over a nest at 1.5 m s -1 also increases the cooling rate of the internal temperature logger although the effect of air movement on the external logger means that there was an order of magnitude in insulatory value (Gray & Deeming 2017) . Air movement also increases thermal conductance, which reduces insulation of the nest wall (Heenan & Seymour 2012) . Wetting the nest wall led to relatively comparable increases in internal cooling rates to air movement.
Simulating rainfall was considered a realistic approach to assessing the effects of water on nest insulation. Previously, studies examining the effects of water on nests have focussed on time taken to dry out but after complete submergence of the nest for 1-2 minutes (Kern & Van Riper 1984 , Slagsvold 1989 , Rohwer & Law 2010 . This is not necessarily very realistic for species that nest above the ground because rainwater can drain through the nest (Biddle 2018) , although nest flooding may be encountered more frequently for ground-nesting species. Here 250 ml of water were dripped on to the nest but only 5-10% of that was absorbed by the nest wall. Despite the difference in methodology studies have suggested that the nest materials are important in rates of drying (Kern & Van Riper 1984 , Slagsvold 1989 . Kern & Van Riper (1984) studied Common Amakihi Hemignathus virens virens nesting in two different habitats on Hawaii. Nests constructed in a wetter climate were more porous, lacked a lining and dried out quickly. Nests from a drier climate contained linings that retarded drying. For species nesting in differing climates birds appear to select nest materials with differing thermal conductivities to counter the effects of precipitation (Heenan 2013) . Wetting a nest may also reduce wall insulation because the water displaces the air trapped in between the materials and increases thermal conduction. Deeming & Biddle (2015) found that vacuum-packing dry nests removed air gaps within the nest walls and reduced the insulatory values by 20%. Soaking a nest in water (Kern & Van Riper 1984 , Slagsvold 1989 , Rohwer & Law 2010 would almost certainly exacerbate this problem.
Although not significant there were differences in the relative decrease in insulatory value between species, which may reflect the composition of the nests. Møller (1984) suggested that use of feathers in nests reduced cooling rates. The nests studied here were not deconstructed but the composition of Whinchat nests is dominated by grasses and moss with around 10% of the cup lining being feathers . Meadow Pipit nests are also mainly constructed of grass and moss but lack any lining of hair or feathers (Gray & Deeming unpublished) . By contrast, Common Linnet nests are primarily made of grass with 40% of the cup lining being hair . Common Chaffinch nests have a lot of moss in the outer parts but almost 70% of the lining is hair and feathers . It is suggestive that the Meadow Pipit showed the greatest relative decrease in insulatory value and lacked any animal-derived materials in its cup lining. The water absorbed by the nest walls may have been more evenly distributed between the outer wall and the cup lining thus increasing the cooling rate of the internal temperature logger and so lowered the insulatory value. By contrast, despite these nests absorbing the greatest proportion of water, the high proportion of hair and feathers in the cup lining of Common Chaffinch nests may have served as a hydrophobic barrier to water moving from the outer nest wall so keeping the nest lining dry. This would have potentially minimised the deleterious effects of the water. Hilton et al. (2004) tested the insulative properties of various materials commonly found in passerine nests and found that wetting the material increased the cooling coefficient of the materials tested. Feathers are known to be hydrophobic (Bhushan 2009 ) so would help to repel water within the nest wall. However, the insulative properties of feathers are massively reduced by wetting (Hilton et al. 2004) . That there were no significant species differences in insulatory value or internal cooling rate in our study may reflect the fact that the temperature logger is small relative to the whole nests and the varying combinations of materials used by the four species all combine to achieve the same level of insulation. More research is needed on the effects of differing materials on the insulative properties of the nest.
The effects of air movement on changes in insulatory values also did not show any effect of species but correlated with nests mass (Gray & Deeming 2017) . No such relationship was observed in this study which may reflect differences in the structural characteristics of the nests or perhaps reflect the species studied. Gray & Deeming (2017) had data for three of the four species used here but also had data from nests of the smaller European Goldfinch Carduelis carduelis and much larger Pied Wagtail Motacilla alba. Comparison of insulatory values from six species of Fringillidae and four species of Turdidae showed a significant correlation with nests mass (Biddle 2018) . The lack of a relationship with nest mass described here may simply reflect the smaller range in size.
This study was laboratory based and used nests ex situ. However, birds are particular as to where a nest is constructed. Nest site location (and materials) may reflect the need to crypsis but may be based on environmental conditions. Sidis et al. (1994) concluded that the location of a nest site in the Orange-tufted Sunbird Nectarinia osea is dictated by exposure to wind and direct sunlight. Similar effects of the climate on nest orientation have been reported for the Rufous Hornero Furnarius rufus (Schaaf et al. 2018 ) and for the Song Thrush Turdus philomelos and Hawfinch Coccothraustes coccothraustes (Tomiałojć & Neubauer 2017) . It is not unreasonable to suggest that a bird may choose a nest site that limits the exposure to adverse environmental conditions. This may also be reflected in nest construction behaviour. Latitudinal variation in spring temperature does affect the insulative properties of nests built by Blue Tits Cyanistes caeruleus and Great Tits Parus major, and by Common Blackbirds Turdus merula (Mainwaring et al. 2012 , 2014b , Deeming et al. 2012 . No studies exist that investigate the effects of nest site location on the thermal or hydrological properties of a nest in situ and further research is needed to determine whether those species that build nests in sheltered sites are adversely affected by rainfall.
The behaviour of the parental bird during nest construction and incubation is likely to change during adverse weather events. Skutch (1962) stated that nest attentiveness during rainfall depended on the intensity and duration of a rain shower. Coe et al. (2015) showed that female Tree Swallows Tachycineta bicolor made fewer off-bouts from the nest during periods of cold weather and precipitation. It is unclear to what degree rainfall stimulates a parent bird to return to the nest and abandon other activities such as feeding. Deeming (2001) reported that a male Common Blackbird attended the nest during incubation recesses of his mate but only when it was raining. The behaviour of incubating birds in relation to precipitation would an interesting area for further research.
To conclude, this research has shown that the thermal properties, in terms of the insulative values and internal cooling rates are reduced when nests were subjected to rain. Further research should concentrate on testing the effects of nest mass on the effects of rainfall and on the testing of nests in their natural situation.
